Brucellae are facultative intracellular pathogenic bacteria that cause diseases in animals and humans (1) . Six species are recognized within the genus Brucella: B. abortus, B. melitensis, B. suis, B. ovis, B. canis, and B. neotomae (9) . This classification is mainly based on differences in pathogenicity and host preference (9) . The main pathogenic species worldwide are B. abortus and B. melitensis, which are involved in bovine and ovine brucellosis, respectively. Brucellae belong to a tight phylogenetic family, the family Rhizobiaceae of the ␣-2 subgroup of the class Proteobacteria, which includes Ochrobactrum, Bartonella, Rhizobium, and Agrobacterium (7, 10, 15, 25, 36, 37, 64, 67) . In this family, bacteria live associated pericellularly or intracellularly with plant or animal cells.
The capacity of brucellae to induce disease is dependent on their ability to survive and to multiply within both host professional and host nonprofessional phagocytes (17, 55) . In trophoblasts and in Vero cells, B. abortus replicates within cisternae of the rough endoplasmic reticulum (2, 3, 13, 14) . The intracellular environment of phagocytic cells is, however, potentially hostile for microorganisms, threatening their viability by oxidative (myeloperoxidase-H 2 O 2 -halide) or nonoxidative (cationic proteins, proteases, lactoferritin, lysozyme, and acidification characterized by a pH of 5.4 Ϯ 0.4) bactericidal mechanisms (22, 34) . The molecular properties used by Brucella to withstand them have not yet been elucidated. But evidence suggests, for B. abortus, that this phenomenon is likely mediated by both inhibition of fusion of phagocytic vacuoles (phagosomes) to lysosomes and resistance to oxidative killing (21, 43, 47, 48) .
Attempts to identify Brucella virulence factors have been performed. The first studies reported that intracellular multiplication of brucellae was attributable to erythritol (40) . However, recently Sangari et al. (51) demonstrated that the genetic region implicated in erythritol catabolism was not related to virulence. Other gene products potentially implicated in virulence have been reported, such as DnaK (28) , HtrA (16, 42, 49, 59) , Cu-Zn superoxide dismutase (SOD) (4, 57) , and RecA (58) . These studies showed that Brucella deletion mutants for these proteins survived less well than the parent strains in the initial stages of host colonization. However, this attenuation was not sufficient to prevent the stage of chronic infection. Based on these observations, Sangari and Agüero (50) suggested that the virulence of Brucella could be the result of a multifactorial phenomenon. Recently, Sola-Landa et al. (56) characterized the first Brucella two-component regulatory proteic system, named BvrS-BvrR, shown to be essential for intracellular replication of B. abortus in macrophages or HeLa cells. They suggested that this system could control multiple genes not yet identified. In 1996, Rafie-Kolpin et al. (46) showed that several environmental conditions induced variations in B. abortus at the level of expression of a set of proteins. Pathogen-host interactions during bacterial infection expose bacteria to multiple physiological and biological stresses, and intracellular pathogens are known to adapt to changes in their environment, avoiding degradation by host cell defense systems by coordinated regulation of gene expression (38) . A description of the pattern of proteic expression in response to different environmental conditions would possibly provide insights into the intracellular behavior of Brucella at the molecular level. The two-dimensional (2-D) electrophoresis method has proved to be an appropriate tool to study protein expression in general and to identify stress response proteins in particular. Indeed, this technology permits the analysis of complex protein mixtures, since several hundred gene products can be visualized in one single gel (39) . Previously, we have used this tool to initiate the study of the proteome of Brucella, i.e., the total set of expressed proteins (60, 61) . Based on these works, we further studied the synthesis of B. melitensis proteins in response to environmental stress conditions, which are thought to be relevant to the intracellular environment encountered by brucellae during their dissemination. In order to achieve a better understanding of the impact of environmental stresses, we attempted to identify the polypeptides whose synthesis is altered by heat, oxidative, or acid pH stresses. Culture conditions and radiolabeling of proteins. After a preculture in Trypticase soy broth at 37°C, B. melitensis cells were grown to the mid-log growth phase (optical density at 600 nm of 1.0). The protocol described by Köhler et al. (28) was then followed. A 5-ml aliquot of culture was centrifuged, and the pellet was resuspended in 0.25 ml of methionine-free RPMI 1640, which was further subjected to the desired stress conditions. For all experiments, a control culture in the same medium in which the experiment was conducted and in the absence of the stress was grown at 37°C. In the experiments with acid pH, 1.0 N HCl was added to shift the pH from 7.6 to 5.5. To induce a heat shock response, the culture temperature was shifted from 37 to 42°C. For oxidative stress, the medium was supplemented with 50 mM H 2 O 2 . After preincubation with shaking for 30 min, a further 0.25 ml of medium supplemented with 150 Ci of 35 S protein labeling mix was added. The bacteria were incubated for an additional 3 h and then chased with nonradioactive methionine and cysteine (10 mM final concentration). Finally, they were heat killed at 65°C for 1 h 30 min and washed three times in phosphate-buffered saline prior to analysis. (60) . Equal numbers of counts per minute (5 ϫ 10 5 cpm) were loaded on each first-dimensional isoelectric focusing gel. Second-dimensional slab gels were fixed and dried at 80°C under vacuum. Radiolabeled proteins were visualized by exposing dried gels to Kodak BioMax MR-1 films for 14 days, to produce autoradiographs.
MATERIALS AND METHODS

Bacterial
Computer-aided analysis of 2-D gels. Autoradiographs were scanned by a charge-coupled device camera (Kodak Eikonix 1412) and analyzed with LSB Kepler software (version 8.2D). Each stress experiment was performed at least twice, and at least three repetitive 2-D gels were run for each extract. The changes in the protein expression were deemed valid if they were observed in at least n Ϫ 1 gels, n being the number of gels run for a given sample, and if they were observed in a minimum of two separate experiments. The results were analyzed using Student's t test (confidence level, 0.05), which ensured that only significant changes in the value of protein spots were taken into consideration.
Identification of proteins by N-terminal microsequencing. To obtain the Nterminal amino acid sequences of the selected proteins, these were transferred to polyvinylidene difluoride membranes (Hyperbond; Porton Instruments, Inc., Tarzana, Calif.) and microsequenced using an automatic Beckman/Porton LF3000 protein sequencer. Searches for sequence homology were performed with the FASTA program (41) . The comparison of the protein synthesis patterns of exponentially growing B. melitensis 16M cultures exposed or not to various environmental stresses allowed us to distinguish alterations in the expression of several proteins (Fig. 1) . Proteins marked in each panel were found to have an altered synthesis relative to their synthesis in the unstressed control. Five subsets of proteins could be observed: (i) proteins synthesized de novo in response to the stress, (ii) proteins synthesized at an enhanced rate, (iii) proteins whose synthesis was undetectable, (iv) proteins synthesized at a reduced rate, and (v) proteins whose synthesis rate remained unchanged. In fact, only a small proportion of the total proteins have been the target of mechanisms of regulation. Depending on the stress, 6.4 to 12% of total proteins showed reproducible differences in expression level.
RESULTS
General description of protein synthesis in
Protein synthesis in response to heat shock. An upshift of culture temperature from 37 to 42°C for 3 h resulted in an increase of synthesis of 31 protein spots. Among these proteins, 13 were synthesized de novo (Fig. 1A) .
As we have previously shown, on a 2-D protein profile one protein can be present as a group of heterogeneous spots, which can reflect charge differences (60) . Among the proteins synthesized at an enhanced rate, we detected clusters of protein spots previously identified as DnaK and GroEL proteins (60) ( Table 1 ). Other heat shock proteins (Hsps) were identified by N-terminal microsequencing: the ribosome releasing factor (RRF) homologous protein (65), a protein showing homology to either Fe or Mn SOD from other bacteria, and a protein spot whose N-terminal amino acid sequence showed 85.7% identity with an amino acid ATP binding cassette-type transporter from Rhizobium leguminosarum, the AapJ protein (60, 66) (Table 1 ).
An appreciable reduction in synthesis of about 40 protein spots was observed in response to heat shock (Fig. 1A) . For 17 of them, the expression was completely repressed. Ten proteins whose expression appeared to be reduced in 2-D gels were identified by N-terminal microsequencing (Table 1) . Four proteins were previously reported for Brucella: the electron transfer flavoprotein alpha subunit (alpha-ETF), the bacterioferritin, the ClpP, and the BvrR protein (56, 60) . Two protein spots not yet reported for Brucella showed homology to proteins of other bacteria: protein spot 804 with the pyruvate dehydrogenase E1 component beta subunit (20) and protein spot 123 with an invasion-associated protein of Bartonella bacilliformis, IalB (35) . The N-terminal sequences of four protein spots whose synthesis rate was also reduced, i.e., protein spots 6, 7, 22, and 222, did not show any significant sequence homology with proteins found in databases. The synthesis of protein spot 222 had the distinction of being totally blocked by heat shock.
Protein synthesis in response to oxidative stress. Oxidative stress was created by increasing the medium concentration of H 2 O 2 to 50 mM. 2-D gel electrophoretic analysis showed that, among the 34 induced protein spots, 19 were synthesized de novo. Sixteen protein spots were repressed, while seven of them became undetectable (Fig. 1B) . In response to oxidative stress, the level of expression of Cu-Zn SOD was increased, confirming previous results (46) ( Table 1) . Two proteins not yet reported for Brucella were repressed by this stress: the 30S ribosomal protein S1 (52) ( Table 1 ) and the protein spot 99.
Protein synthesis in response to acid pH. When B. melitensis 16M was subjected to pH 5.5, 15 protein spots were induced. Among these proteins, seven were synthesized de novo (Fig.  1C) . DnaK was identified within the group of induced proteins as previously reported in other work (28, 46) (Table 1 ). The expression of about 18 protein spots was repressed in response to acid pH, while two of them became undetectable (Fig. 1C) .
One of these two proteins corresponded to malate dehydrogenase (Table 1) .
General stress proteins. All patterns obtained in response to the various stress conditions showed that 12 proteins were regulated by at least two distinct stresses (Fig. 2) . For example, DnaK was up-regulated by heat shock and acid stress at the same cellular level, as also described by Köhler et al. (28) . Protein spots 166, 222, and 610 were differently regulated in response to different stresses. They were strongly induced in response to oxidative stress, whereas their expression was stopped during heat shock. Only one protein spot, at 21 kDa (spot 641), showed an enhanced expression in response to all stress conditions examined.
DISCUSSION
Survival and replication of brucellae in host phagocytes are key components of their virulence (17, 55) . In order to understand the mechanisms of intracellular survival employed by virulent B. melitensis 16M, we envisaged a proteomic approach for a comprehensive description of protein expression in response to various environmental conditions relevant to the environment encountered during bacterial dissemination. This approach had been already initiated by Rafie-Kolpin et al. (46) with B. abortus but without identification of the proteins implicated.
The present study revealed that environmental stresses rapidly modified the gene expression in B. melitensis. In fact, as observed for other bacteria, such as Escherichia coli or Salmonella enterica serovar Typhimurium (18, 23, 63) , the modifications in protein expression concerned about 10% on average of the detected proteins. 2-D gel electrophoresis detected at least 128 proteins whose expression level was modulated by at least one environmental stress. Some of them were identified by N-terminal microsequencing. In E. coli, from which detailed data about the stress response have been obtained, the induction of the majority of up-regulated cytoplasmic proteins in response to heat shock occurs through the activation of 32 while the periplasmic response is coordinated by E (8, 33, 69) . In Brucella, the only Hsps described up to now were the cytoplasmic molecular chaperones DnaK and GroEL and the periplasmic HtrA protease (6, 28, 30, 46) . Increased cellular levels of the two cytoplasmic molecular chaperones in Brucella during a heat shock also seem to be controlled by 32 , suggesting a fairly well conserved regulation (6, 30) . Our results confirmed the heat shock induction in B. melitensis of both chaperones, DnaK and GroEL, previously described for B. abortus (6, 30, 46) and B. suis (28) . As reported for the latter Brucella species (28) , an induction of DnaK expression was also observed for B. melitensis in response to low pH. Thus, the Brucella DnaK protein could be subjected to multiple controls or be controlled by a single regulon which would partially overlap heat and acid shock proteins. As a consequence, as reported for S. enterica serovar Typhimurium (19) , the Brucella DnaK protein might be involved in the adaptive acid tolerance response.
However, according to some of the stress proteins identified, some mechanisms of regulation of the stress response could be specific to Brucella. This concerns in particular regulation of expression of the RRF, the ClpP protease, the Fe-and/or Mn-SOD, and the bacterioferritin.
In E. coli, the RRF promoter contains two regions showing homology to the conserved Ϫ35 (TTGACA) and Ϫ10 (TATA AT) regions of E. coli 70 promoters (53) . There was no such homologous region downstream of the gene coding for the RRF of B. melitensis (65) . However, we found putative Ϫ35 and Ϫ10 regions homologous to the E. coli 32 -specific promoter at nucleotide positions 110 to 116 (CCATGAA) and 127 to 134 (TGGCCGAT), respectively (GenBank accession no. U53133) ( Table 2 ). The presence of this putative promoter could explain why the RRF was up-regulated in response to heat shock and therefore is part of the heat shock regulon in B. melitensis. This result supports also the notion that the rapid and efficient synthesis of Hsps is achieved as a result of changes in the translational capacity of the cell (54). To our knowledge, no other rrf genes with heat shock promoters have been reported. Interestingly, the elevated expression of RRF has also been reported for Staphylococcus aureus upon infection in animals (31). We have also previously shown that the B. melitensis RRF was immunogenic in infected sheep (65) . Therefore, possibly for some pathogens the RRF could participate in bacterial pathogenesis. This could be demonstrated for B. melitensis by gene deletion, provided that the rrf gene is not essential for growth. In some bacteria, the RRF appears indeed to be an essential protein for bacterial growth (24) . The ClpP protein is described as an Hsp with a 32 -specific promoter in E. coli (29) . In contrast, as shown in the present study, in B. melitensis this protein is strongly down-regulated in response to heat stress. This discrepancy could result from a different clpP gene promoter and/or the occurrence of a negative repressor in B. melitensis. The physiological function of the ClpP protein in Brucella is yet unknown. In prokaryotes, most ATP-dependent ClpP proteases are involved in protein catabolism under both optimal and stress conditions (44) . As heat shock leads to severe down-regulation of its expression in B. melitensis, it is possible that alternative proteases may compensate for its absence.
Of particular interest is also the Fe and/or Mn SOD (protein spot 17) identified in our study as an Hsp. In E. coli, the control of Mn SOD induction during a heat shock is independent of 32 regulation (62) . It has been postulated that reactive oxygen induced in the onset of the heat shock response may be involved in the induction of this antioxidant metalloenzyme, resulting in protection of the cell (45) . In a previous study (60), we had identified another protein spot (spot 18 in Fig. 1A) showing the same molecular mass and the same N-terminal amino acid sequence but a different pI (5.8) . The lack of up-regulation of the latter protein in response to heat stress suggests that at least two homologous Fe and/or Mn SODs occur in B. melitensis and that their expression is under the control of different promoters. response to heat shock but was not increased in response to oxidative stress. In Pseudomonas aeruginosa, bacterioferritin limits labile iron levels and assists in the protection of the cell against oxidative stress (32) . According to our results, the bacterioferritin production in B. melitensis is not altered in the face of exposure to oxidative stress, and this is in accordance with the results of Denoel et al. (12) , who reported that the bacterioferritin gene was not at all required for survival in the macrophage.
Besides the four proteins mentioned above, there are three (56) . We have found this protein perhaps surprisingly down-regulated in response to heat shock. This regulator is of particular interest since the mutant for this protein was selected on the basis of increased sensitivity to polycations that are known to interact with surface molecules of the outer membrane such as lipopolysaccharide and possibly outer membrane protein-lipopolysaccharide complexes. Thus, the BvrR regulator in Brucella is probably at least partially responsible for regulation of expression of important surface molecules of Brucella possibly required for full virulence. IalB is an invasion-associated protein described for B. bacilliformis, also a bacterium closely genetically related to Brucella (35) . The expression of this protein appeared also reduced in B. melitensis in response to heat shock. Little is known about surface proteins required for invasion of Brucella, and thus this protein merits also further studies. AapJ is a periplasmic protein and a component of an L-amino acid permease found in R. leguminosarum (66) . The control of AapJ expression is presumed to aid in adjusting the cellular amino acid pool. This protein was actually up-regulated in B. melitensis in response to heat shock, and interestingly, it has also been found previously to be immunogenic in infected sheep (61) . Many bacterial stress proteins are targets of the host immune response in a broad spectrum of infections (26, 27, 38, 68) . It has been reported that their immunodominance is probably related to their abundance within antigen-presenting cells under conditions of stress (5, 27, 38) . Previously, we identified some proteins important in the humoral immune responses of B. ovis-and B. melitensis-infected sheep combining 2-D gel electrophoresis, N-terminal microsequencing, and immunoblotting results (61) . Among them, we identified DnaK, GroEL, and Cu-Zn SOD as highly immunogenic proteins which have the potential to be required or to participate in intracellular survival (28, 46, 57) . The new proteins identified in the present study as stress proteins, such as the B. melitensis RRF and the AapJ homologous proteins, merit further studies with regard to their potential role in virulence since they were also identified as interesting immunogenic proteins in infected sheep. 
